Frequency domain FLIM [16] was used to measure the average fluorescence lifetimes of six GFP variants, which were found to range in value from 1.3 to 3.7 ns (Table 1) . Except for cyan fluorescent protein (CFP), each of the GFPs showed a similarity between their phase (τ φ ) and modulation (τ M ) lifetimes (Figure 1a) , indicating a high degree of homogeneity in the fluorescent species [14] . Four of the six mutants -CFP, S65T, YFP10c and YFP5 -exhibited separate and distinct lifetime distributions (Table 1 and Figure 1a ). The new variant YFP5, in particular, showed a well-separated and significantly longer lifetime than the others, making it an ideal partner in multi-labelling FLIM experiments. In contrast to the intensity images, the fluorescence lifetime images of all the variants displayed a mostly uniform distribution throughout the entire cell (for example, see Figure 1b ,c).
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As expected, the fluorescence lifetimes were dependent on temperature, such that a decrease of approximately 400 ps was measured between room temperature (22°C) and 37°C for the mutant S65T. The pH dependence of the fluorescence lifetimes was also examined for three of the mutant GFPs. As previously observed for S65T [17] , only minor changes in the lifetimes (< 200 ps) were observed over pH values exceeding the physiological range expected in live cells (see Supplementary material published with this article on the internet). This is in sharp contrast to the steady state fluorescence intensity, which drastically decreased at pH values lower than 7.0 (data not shown; [17, 18] ) and thus demonstrates the suitability of FLIM for the discrimination of GFP mutants even in cellular compartments subjected to significant pH changes. Indeed, a small but discernible effect of pH on the lifetime was observed in live cells for the Golgi-resident fusion protein NA-GFP5 (Table 2 ) -an increment of < 200 ps was found upon its relocation from the acidic environment of the Golgi to the neutral lumen of the endoplasmic reticulum (ER) [18] by addition of the fungal metabolite [7] . ‡ Clontech. § [21] . # [22] . **See Supplementary material.
brefeldin A [19] . The ability to distinguish fusion proteins labelled with different GFP variants opens up the possibility of multi-labelling imaging experiments in live cells. For this, the fluorescent fusion proteins need to retain distinct lifetimes as observed for the GFP variants alone. This was tested for several GFP fusion proteins that target specific cellular compartments (Table 2) . A reduction in fluorescence lifetime seems to be a general effect of fusing GFP to other proteins ( Figure 1d and Table 2 ). Only one of the seven GFP fusion proteins tested, B1-YFP5, exhibited a localisation-dependent lifetime -a shift from approximately 3.7 ns to 3.2 ns was observed when comparing cytosolic to microtubule-bound B1-YFP5 (Figure 1e ,f) [20] . A binding-induced change in the conformational dynamics of protein residues around the YFP5 chromophore, affecting its excited state depopulation, may offer one possible explanation of this effect and could be exploited to calculate the variable fraction of microtubulebound cyclin B1. Nevertheless, the results shown in Table 2 demonstrate a distinction between fusion proteins (for example, Figure 1d ) that is sufficient for their use in multi-labelling experiments using FLIM. This was demonstrated by the determination of individual fluorescence intensity maps (Figure 2c ,d,g,h,k,l,o,p) corresponding to the cellular distribution of each of two co-expressed GFP proteins using lifetime images (Figure 2b ,f,j,n) and dispersion relationships (Supplementary material). The Golgi-resident enzyme NA-GFP5, in particular, is seen to localise primarily to that organelle, with some staining of reticular structures in the cytoplasm (Figure 2c ), most likely corresponding to the ER. A similar distribution was frequently observed in cells expressing NA-GFP5 alone (data not shown). In contrast, the co-expressed YFP5 was distributed throughout the cell (Figure 2d ). Furthermore, comparison of Figure 2d ,h with Figure 2l shows that the increase in size from the fusion of YFP to cyclin B1 resulted in its exclusion from the nucleus. In Figure 2g ,k,o, dominant nuclear staining is observed for GFP5 fused to a nuclear localisation signal (NLS-GFP5). Finally, the cellsurface display chimera Igκ-YFP5-PDGFR (Figure 2p ) is seen to have localised to the ER and accumulated in the 5.0 Golgi from where it is transported to the plasma membrane and exposed to the extracellular environment. These results clearly demonstrate that FLIM offers an effective approach for disentangling the cellular distributions of two co-expressed GFP variants.
The measurement of FLIM data at a single modulation frequency sets an upper limit of three to the number of fluorescent probe distributions that can be simultaneously resolved using the dispersion relationships (Supplementary material). These were applied to lifetime maps ( Figure 3b ,c) for resolving the populations of co-expressed NLS-CFP, NA-GFP5 and B1-YFP5. As seen from the calculated intensity maps (Figure 3f ), NLS-CFP made a relatively low contribution to the overall fluorescence ( Figure 3a) . The relative amount of noise seen in this image can be attributed to this fact and also to CFP fluorescent species lifetime inhomogeneity. The contributions to the total fluorescence from each of the GFP proteins were separated, however, and distributed predominantly within their expected cellular structures.
In summary, it has been shown that FLIM at a single modulation frequency can be used to image and follow the cellular distribution of two and ultimately three GFPs simultaneously. FLIM has several advantages over the use of spectral discrimination of GFP variants. The readout of data is simultaneous and requires only a single dichroic and long pass emission filter, thus collecting the majority of the emitted fluorescence. The resultant increase in detection sensitivity allows physiological amounts of GFPs to be imaged with lower light dose, thus reducing photochemical damage to cells. Furthermore, the efficient discrimination and quantification of spectrally similar GFP variants is now possible in live cells.
Materials and methods

Live cell preparation
Vero cells were plated on Matek petri dishes (Matek Corporation) in MEM supplemented with 5% foetal calf serum. Cells were microinjected with purified GFP proteins previously expressed in Escherichia coli, or microinjected in the nucleus with their cDNA-encoding plasmids. Dishes of cells were washed and submerged in CO 2 -independent medium (GibcoBRL) before FLIM measurements at 37°C.
GFP variants and fusion constructs
YFP5 was derived from GFP5 by introducing S72A and T203Y mutations. GFP5 was derived from MmGFP [21] and differs in having a S2G mutation and the addition of serine and phenylalanine at the carboxyl terminus. A Golgi-resident enzyme consisting of GFP5 fused to Brief Communication 271 
FLIM measurement
A full description of the fluorescence lifetime imaging microscope can be found elsewhere [16] . GFPs were excited with the 488 nm argon/krypton laser line. CFPs were also excited at 457.9 nm. The detection filter block contained a dichroic beamsplitter 505LP in combination with a High Q bandpass emission filter Q535/50 BP (Chroma Technology Corporation). A Zeiss FLUAR 100 × /1.3 NA DIC oil objective and a LD Achroplan 40 × /0.6 NA Corr Ph2 air objective were used for live cell and pH titration experiments, respectively. FLIM data were recorded at either 80.218 MHz or 80.244 MHz. Details of the numerical methods can be found in the Supplementary material.
Supplementary material
Additional methodological details and a figure showing the pH dependence of GFP lifetimes are published with this article on the internet. 
Supplementary materials and methods
Construction of YFP5
MmGFP5 [S1] was amplified from pCMX-GFP5 (kindly provided by J. Pines) in two fragments using primer pair ATGCGGCCGCGAATTC-GCCACCATGGGTAAAGGAGAAGAACTT and CAAGTGTTGGCC-AGGGAACAG and primer pair AAGGATCCTCTAGAAGCTTTTGTA TAGTTCATCCATG and CTGTTCCCTGGCCAACACTTG using Pfu polymerase (Stratagene) to destroy the internal NcoI restriction site (underlined) by a silent point mutation in Pro56 (cca→ccc). In addition, a Kozak translational consensus sequence (GCCACCATGG) was introduced, thereby creating an amino-terminal NcoI site and changing the second amino acid from serine to glycine. The carboxyl terminus contains a HindIII site in the open reading frame and thus adds a serine and phenylalanine at the carboxyl terminus. This GFP variant does not have altered residues involved in the fluorescent properties and is called GFP5 to distinguish it from MmGFP5. The PCR product was subcloned as a NotI/BamHI as well as an EcoRI/XbaI fragment into pBluescript KS(-) (Stratagene) generating pSK-GFP5 and pSK-GFP5II, respectively. The EcoRI/XbaI fragment was also subcloned into the mammalian expression vector pEFT7MCS. This vector is based on pEF-BOS [S2] . A modified version of pEF-BOS containing a Neo resistance expression cassette, pEF1-Neo, was kindly provided by G. Baier, University of Innsbruck. The Neo resistance expression cassette was deleted to make the vector smaller and a T7 RNA polymerase promoter site as well as several unique restriction enzyme sites were introduced downstream of the human EF1α promoter and the SV40 polyadenylation site. The red-shifted mutant YFP5 was generated by PCR-mediated site-directed mutagenesis of GFP5. The mutations S72A and T203Y were introduced in GFP5 by using the following primer pairs: ATGCGGCCGCGAATTCGCCACCATGGGTAAAGGAGAAGAACTT and CTGGGTATCTTGCGAAGCATTGTACGTACAATGCTTCGCAA-GATACCCAG, and GAAAGGGCAGATTGATAGGACAGGTAATG-CATTACCTGTCCTATCAATCTGCCCTTTC and AAGGATCCTCTA GAAGCTTTTGTATAGTTCATCCATG, where underlined nucleotides indicate mismatches. The final PCR product was gel-purified, digested with EcoRI and XbaI and subcloned into pEFT7MCS. The introduced mutations were verified by sequencing using sequenase.
GFP fusion constructs
The construction of NA-GFP5 (kindly provided by D. Shima, ICRF) is described elsewhere [S3] . NLS-GFP5 (kindly provided by Michael Brandeis, University of Jerusalem) was constructed by subcloning an NcoI/XbaI fragment of GFP5 containing the entire open reading frame into pEFplink2. An oligonucleotide encoding the nucleoplasmin bipartite NLS sequence (KRPAATKKAGQAKKKK) was inserted into the NcoI site (pEFplink2-NLS-GFP5). For the construction of NLS-CFP, ECFP was amplified from pRSETb-ECFP (kindly provided by Roger Tsien, University of California) and an NcoI/XbaI fragment was subcloned into the NcoI/XbaI sites of pEFplink2-NLS-GFP5 thus exchanging the GFP for the CFP. Cyclin B1 was fused to the amino terminus of YFP5 by subcloning a NcoI/XbaI fragment of YFP5 into pEFplink2 to get pEFplink2-YFP5. An NcoI fragment containing the cyclin B1 open reading frame was excised from pEFplink2-B1-GFP5 (kindly provided by M. Brandeis, University of Jerusalem) and inserted into the NcoI site of pEFplink2-YFP5. Cell-surface-displayed Igκ-YFP5-PDGFR was constructed from cDNA amplified from pEFT7MCS-YFP5 using primers TAGATAGATCTGGTAAAGGAGAAGAACTTTTCACTGG and TAG-TAGTCGACGCTTTTGTATAGTTCATCCATGCCATG. The PCR product was gel purified, digested with restriction enzymes BglII and SalI and subcloned into the BglII/SalI cut plasmid pDisplay (Invitrogen).
pH dependence of the lifetime of recombinant GFPs in vitro
Between 1 mg/ml and 4 mg/ml of the mutant GFP proteins S65T, YFP10c, and CFP were diluted up to 50-fold in 20 mM Hepes or 0.1 M Tris at a pH of 3.9, 5.4, 6.9, 7.3 and 8.8. Sample dishes for each mutant GFP in turn were prepared by pipetting a pH titration series of 2.5 µl drops onto the coverslip region of a Matek petri dish just prior to FLIM measurements at room temperature (see Figure S1 ).
FLIM setup
A full description of the fluorescence lifetime imaging microscope can be found elsewhere [S4] . In brief, a scientific grade charge-coupled device (CCD) camera (Photometrics Quantix), microchannel plate image intensifier (Hammamatsu C5825), standing wave acoustooptic modulators (Intra-Action Corporation, Belwood) and an Argon/Krypton mixed gas laser (Coherent Innova 70C) configured around an inverted microscope (Zeiss Axiovert 135 TV) constitute the heart of the instrument, which operates as a phase-and modulationsensitive imaging fluorimeter. The acousto-optic modulators driven by the amplified output of a high frequency signal generator (Marconi 2023) provide a means of modulating the laser illumination source. Homodyne phase-sensitive detection of the resulting sample fluorescence emission is achieved by modulation of the gain characteristics of the image intensifier, placed at the TV port of the microscope, using a second signal generator phase locked to the first. The CCD camera records a series of phase-sensitive images at the phosphor screen output of the image intensifier which are stored on a Unix Workstation (Silicon Graphics O 2 ) and Fourier transform routines written for the image processing package SCIL-Image (version 1.3, TNO Institute of Applied Physics) were used to determine both the phase-and modulation-dependent fluorescence lifetimes. The microscope was enclosed in a temperature-stabilised incubator to enable live cell experiments at 37°C.
Numerical methods
A full mathematical description of fluorescence lifetime fluorimetry is given elsewhere [S4-S6] . Recapping in brief, and considering single frequency ƒ only: exciting a fluorescence sample with a sinusoidal source of excitation E(t) results in sinusoidally modulated fluorescence emission F(t) that is both phase-shifted and demodulated relative to the excitation source. The excitation E(t) and fluorescence emission F(t) (in arbitrary units) are given by:
where ω = 2πƒ is the circular frequency of oscillation, E 0 and F 0 are the respective time invariant (DC) components of the modulations, M E and M F are the relative modulation amplitudes of the time variant (AC) part of the oscillations; and Θ and Θ′ are the respective phases relative to some arbitrary electronic phase setting. Thus, the phase lag ∆φ and demodulation M of the fluorescence emission are defined by:
The application of Fourier routines to phase-dependent sample images, collected using FLIM, gives the DC, AC sine and AC cosine components of the signal at every pixel. From these components, the phase lag and demodulation are calculated, both of which are related to the
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distributions of fluorescence lifetimes and relative amounts of distinct fluorophores within the sample through the dispersion relationships:
Here, α j is the fractional contribution to the total fluorescence from the jth emitting species with fluorescence lifetime τ j , thus:
where α j is related to the fractional decay amplitude a j by:
Images of the phase and modulation lifetimes at excitation frequency ω are generated using the relationships:
For FLIM data measured at a single frequency, Equations 5 and 6 can be used to determine a maximum of three unknown parameters.
For samples consisting of a mixture of two fluorophore species in which the individual fluorescence lifetimes τ 1 and τ 2 of both fluorophore species are known, the sum of Equations 5 and 6 can be solved for α 1 :
where
The fluorescence intensity from the fluorophore corresponding to α 1 is obtained by multiplying the α 1 and DC images. The same procedure is applied to α 2 , calculated from the trivial relationship α 2 = 1-α 1 .
For samples composed of a mixture of three fluorophore species, Equations 5 and 6 are solved for the α j s with N = 3 giving:
(10a) (10b)
As above, multiplying the α j and DC images gives the fluorescence intensity contribution from the jth species to the DC image. Current Biology
